Summary. The cytoplasm of eukaryotic cells is a complex milieu and unraveling how its unique cytoarchitecture is achieved and maintained is a central theme in modern cell biology. The actin cytoskeleton is essential for the maintenance of cell shape and locomotion, and also provides tracks for active intracellular transport. Myosins, the actin-dependent motor proteins form a superfamily of at least 15 structural classes and have been identified in a wide variety of organisms, making the presence of actin and myosins a hallmark feature of eukaryotes. Direct connections of myosins to a variety of cellular tasks are now emerging, such as in cytokinesis, phagocytosis, endocytosis, polarized secretion and exocytosis, axonal transport. Recent studies reveal that myosins also play an essential role in many aspects of signal transduction and neurosensation.
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Cytoplasmic trafficking and organization
Cytosolic proteins are highly concentrated and partly present in the form of filamentous meshworks. This results in a macromolecular crowding which offers a strong resistance to diffusion (Luby-Phelps 1994) and leads to steric exclusion of particles from actinrich cytoplasmic domains (Janson et al. 1996) . Many cytosolic proteinaceous particles and ribonucleoproteins, as well as all types of vesicles and entire organelles have a size comparable or superior to the exclusion limit. This is also true for intracellular parasites or invaders of eukaryotic, bacterial, or viral origins. Therefore, such particles are moved around along cytoskeletal tracks, powered by molecular motors. Only a decade ago, most of the intracellulartransport processes were attributed to microtubuledependent motors. However, with the discovery of a wealth of myosin isoforms and their various roles, it has become clear that the actin-myosin cytoskeleton plays an equally important and dynamic role in the cell.
The expanding myosin superfamily comprises at least 15 structural classes (Mermall et al. 1998 , Probst et al. 1998 , A. Wang et al. 1998 ). The paradigm member of the family is the classical myosin II, that powers muscle contraction (Cope et al. 1996) . The others, socalled unconventional myosins, have been described in a wide variety of organisms, from yeast to mammals and from amoebae to plants. Myosins are involved in a wide variety of cellular processes such as endocytosis, exocytosis, organelle and cell motility (Mermall et al. 1998) . A myosin can even transport mRNAs, opening the door to the discovery of many more exotic myosin cargos. In addition, myosins have been linked to even more specialized and complex tasks, such as signal transduction and sensorineural functions. The relevance of myosins for mammalian physiology and pathology was recently emphasized by the finding that at least nine neurosensory genetic diseases are associated with mutations in unconventional myosins.
Myosins are tripartite modular motors
In order to fulfil an enormous variety of tasks, myosin heavy chains (HC) have evolved into a complex superfamily. Despite adaptation to their particular cellular tasks, all the members of the family have a common structure composed of three modules (Fig. 1) . Fig. 1 . The myosin family: a selection of classes (roman numerals) containing regulatory elements. All myosins have retained a common tripartite modular structure comprising a head or motor domain (black), neck with LC-binding sites (pink), and tail domain (blue). Isoforms with predicted coiled-coil domains are shown as dimers. Insertions in surface loops of the motor domain are indicated by bulges on the ellipse representing the head (myosin VI, myosin IX, myoM). Specific domains in the tail with known function or homologies: GAP, OTPase-activating protein; SH3, src homology 3; PH, pleckstrin homology; DH, Dbl homology; Zn ~+, zinc-binding motif; T/B, talin/Band4.1 membrane-binding homology domain. Myosin activity can be regulated by (Ca2+-dependent) binding of LCs of the EF-hand family or phosphorylation (P in red circie) of the HC tail (myosin [I), the HC head TEDS site (myosin I, myosin VI, myoM), or the regulatory LC (myosin II). The phosphorylation site in the myosin Ill head has not been mapped yet The N-terminal domain is the actin-binding and ATP-dependent motor unit. This domain, especially the ATP-binding pocket, is highly conserved, reflecting the extreme conservation of its function (Cope et al. 1996) . The crystal structure of the myosin II head domain has been solved and is used as a template to predict the structure of all myosin head domains. One characteristic of most myosin motor domains is a negatively charged residue at a conserved position in the actin contact region that was shown to be crucial for activity: This residue can be an Asp (D) or Gtu (E), as in most myosins, or a phosphorylatable Ser (S) or Thr (T) residue, as in myosins of class I and VI, thus obeying the so-called TEDS rule (Bement and Mooseker 1995) .
The middle domain or neck is an extended s-helix thought to act as a lever arm (Uyeda et al. 1996) which is stiffened by the binding of the light chains (LC), proteins of the calmodulin/EF-hand family, to socalled IQ motifs. Classical myosins II and some unconventional myosins have specialized LCs (myosin I, Z. Wang et al. 1997; myosin V, Nascimento et al. 1996, Stevens and Davis 1998) . Most unconventional myosins contain between one and six IQ motifs, at least some of which appear to bind calmodulin with higher affinity in the absence of Ca 2+ (reviewed in Wolenski 1995) .
The exceptional divergence observed in myosin tail domains is indicative of the diversity in function or, as generally proposed, may reflect the diversity of cargos transported along filamentous (F) actin. The biochemical properties of some domains suggest possible functionality (for a review, see Mermall et al. 1998) . Some stretches have a high propensity to form a coiled coil proposed to induce the formation of dimers. In myosin I's, the TH1 (tail homology 1) domains were shown to have high-affinity phospholipid-binding sites (Adams and Pollard 1989, Miyata et al. J.989) , whereas the TH2 domains possess ATP-independent actin-binding sites H a m m e r 1994, Rosenfeld and Rener 1994) . A domain found in the tail of myosin VII and X has high homology to the membrane-binding domain of the proteins of the talin/Band-4.1 family. Other domains such as SH3, PH, GAP, and G E F potentially serve to link myosins to signal transduction cascades (see below).
It is remarkable that each of the three constituent domains either carries a target site for regulation or may itself exert a regulatory effect on binding partners (see Fig. 1 ) (Bfihler 1996) . This feature likely allows to precisely modulate and coordinate the following functions within the myosin molecule itself: association with F-actin, motor activity, cargo-binding, and interaction with various targets of regulation.
Division of the myosin repertoire into four functional categories
The myosin world is thus born to be complex, hindering the meaningful integration of data provided by the molecular dissection of dozens of molecules. We find it helpful to group the myosins into four functional categories. The first includes the classical contractile functions. The second includes functions such as the establishment and regulation of cortical tension and the remodeling of the cell periphery, in processes such as endocytosis, exocytosis, and locomotion. The third category includes organelle transport functions. These first three categories comprise myosins whose activity is controlled by signal transduction pathways through phosphorylation or the binding of LCs. In contrast, the fourth category contains myosins which may act at the crossroad of signal transduction pathways and cytoskeleton rearrangements.
The next sections present some of the best studied myosins of each of these four functional categories and highlight the diversity of their modes of regulation. They also illustrate the concept that myosins may no longer be regarded as simple motors in either on-or off-status, but have adopted a role of both regulators and effectors in a complex network of interactions relaying internal and external signals.
Contraction force: myosin H
Only the myosins of class II are able to self-associate via their long coiled-coil tails to form bipolar thick filaments. As the motor domains at both ends of a thick filament pull on F-actin, they produce a force, well known from muscle contraction. In a similar way, nonmuscle myosin II is thought to participate in rear end retraction in motile cells (Jay et al. 1993 (Jay et al. , 1995 Mitchison and Cramer 1996) , in generating cortical tension , Kuwayama et al. 1996 , and in contraction of the cleavage furrow during cytokinesis (Satterwhite and Pollard 1992) , even though the latter has been slightly revised recently (Neujahr et al. 1997 (Neujahr et al. , 1998 . The actin-bundling capacity of myosin II, rather than its contractile functions, appears to be essential for the organization of the F-actin network underlying microvilli (Heintzelman et al. 1994) or for budding transport vesicles from the trans-Golgi network (Mtisch et al. 1997) .
Numerous studies, focused on the regulation of myosin II by the binding of LCs and by phosphorylation of both LCs and HCs, have been thoroughly reviewed recently Goodson 1995, Uyeda and Titus 1997) and will be only briefly mentioned in this overview. Vertebrate smooth-and nonmuscle myosins, but not the skeletal muscle myosins, are regulated primarily by phosphorylation of their regulatory LC (RLC). Phosphorylation by the Ca~+/ calmodulin-dependent myosin LC kinase increases the rate of ATP hydrolysis by the HC about 1000-fold, without significant change of the actin-binding affinity. In sharp contrast, dephosphorylation induces a dramatic conformational change that folds the coiledcoil HC back onto the neck domain, and prevents thick-filament polymerization. In the lower eukaryotes Acanthamoeba castellanii and Dictyoswlium discoideum, phosphorylation of the RLC has only minor effects on myosin II activity. In these organisms, myosin II is mainly regulated by phosphorylation of the HC itself, which is modified by at least two different exotic kinases, one related to the PKCs (MHC-PKC; Abu-Elneel et al. 1996; Dembinsky et al. 1996 Dembinsky et al. , 1997 and the other possessing a completely novel catalytic domain (MHCKA; Futey et al. 1995 , Kolman and Egelhoff 1997 , Kolman et al. 1996 . In vitro, HC phosphorylation strictly regulates myosin II "kinked" conformation and the extent of thick-filament formation. This modification was therefore expected to modulate the overall cellular activity of myosins H but appears to be nonessential to a correct localization and minimal function in vivo (Egelhoff et al. 1993; Yumura and Uyeda 1997a, b) . It should be noted that identification of myosin LC and HC phosphatases is lagging the characterization and analysis of kinases. As alternative mode of regulation, some invertebrate myosins II are activated by Ca2+-binding to the essential LC (ELC), which has retained this capacity since then lost from most other specialized LCs of the EFhand family of proteins.
Cortical caretakers: myosin I
The myosin I subfamily is the most numerously represented in most organisms except plants, suggesting a correlation with their widespread functions in motility and plasma membrane dynamics. The involvement of myosins I in establishment, maintenance, and regulation of the cortical tension may explain their role in a variety of functions all performed at the cell periphery: motility (reviewed in Uyeda and Titus 1997) , endocytosis (Durbach et al. 1996 , Geli and Riezman 1996 , Geli et al. 1998 , Novak et al. 1995 , Temesvari et al. 1996 , secretion and exocytosis (McGoldrick etal. 1995 , Temesvari etal. 1996 , contractile-vacuole function ), cell-cell contact (St6ffler et al. 1995 , and the erection of brush border microvilli (Heintzelman et al. 1994) .
Myosins I of lower eukaryotes have the phosphorylation site predicted by the TEDS rule (Bement and Mooseker 1995) . Phosphorylation is essential for full activity of the actin-activated ATPase of A. castelIanii myosins I. This requirement appears to be ubiquitous (Bement and Mooseker 1995, Brzeska and Korn 1996) , as biochemical and molecular genetic experiments on D. discoideum myosin IB and myosin IC indicate that their activity in vivo is coupled to their phosphorylation (Novak and Titus 1998) . Correspondingly, a close homolog of A. castellanii myosin I HC kinase (MIHCK) has been cloned in D. discoideum C6t6 1995, Lee et al. 1996) . Both kinases are members of the PAK/Ste20 family of kinases, which are regulated by Rho/Rac/Cdc42 GTPases (Fig. 2) . Interestingly, the phosphorylation site of D. discoideum myosin ID is embedded in a sequence motif recognized not only by the D. discoideum MIHCK but also by PAK/Ste20 kinases from human, yeast, and A. castellanii (C. Wu et al. 1996) . However, at present no myosin substrate is known for the mammalian kinases.
Despite identification of IQ motifs in most myosins I, evidence is still lacking for a direct binding of calmodulin to their neck domains. Nevertheless, independently of Ca 2 § calmodulin is essential for endocytosis in yeast, reflecting the involvement of two unconventional myosins I, MYO3 and MYO5 (Geli et al. 1998 ). On the other hand, regulatory effects of Ca2+/calmodulin on myosin I in vitro are well described. For example, in the presence of Ca 2+, calmodulin binds to the HC of myosin I and enhances its actin-activated ATPase activity (Chacko et al. 1994, St6ffler and B~hler 1998) .
The tail domain of ameboid-type myosins I is composed of three subregions referred to as TH1 to TH3, whereas other myosins I only have the TH1 (see above). In good agreement with the presence of both membrane-and actin-binding sites, some myosins I have been localized at the cortex of vegetative cells and at the leading edge of motile D. discoideum cells during chemotaxis (Fukui et al. 1989 , Hacker et al. 1997 , Jung et al. 1993 , Morita et al. 1996 , Novak et al. 1995 . src homology3 (SH3) domains are found in many proteins involved in signal transduction or associated with the actin cytoskeleton, and mediate protein-protein interactions by binding to proline-rich motifs. In myosin I, the SH3 domain contained in TH3 has been suggested to either bind intramolecularly to the Pro-rich and actin-binding TH2 domain or to other partners. An SH3 domain is also present in the tail of A. castellanii HMWMI, the only representative of class IV. In A. castelanii, a protein with a molecular mass of 125 kDa, Acan125, binds specifically to the SH3 domain of myosin IC. Acan125 appears to act as an adaptor molecule, by virtue of its "leucine-rich repeat" domain (Xu et al. 1997) . In yeast, the SH3 domain of Myo5p binds to verprolin, an actin-binding protein (Anderson et al. 1998) . How these interactions contribute to myosin I function is, however, not yet fully understood. The notion that SH3 domains serve to specifically target myosins I to their site of action in the cell was recently challenged by the finding that the recruitment of myr3, a rat myosin I, to adherens junctions does not require its SH3 domain (St6ffler etal. 1998) . Similarly, D. discoideum myosin IB mutants lacking the SH3 domain or the TEDSphosphorylation site are nonfunctional but still appear to be properly localized (Novak and Titus 1998) . This observation led the authors to speculate that the SH3 domain could be involved in regulating myosin IB phosphorylation by recruiting the MIHCK. MIHCK carries a PXXP motif known to bind to SH3 domains Korn 1996, Lee et al. 1996) .
Collectively, these studies illustrate the concept that myosins I, besides being solely targets of regulation, may themselves serve as adapters to assemble protein complexes involved in signaling pathways.
Organelte and particle transporters': myosin V, VI, and VII
Myosins of the classes V, VI, and VII are at present the best characterized myosins implicated in intracellular trafficking. Strikingly, most of the hereditary diseases recently linked to myosin dysfunction are caused by mutations mapping to genes from one of these three classes. In the following, potential links between the defects in each class and respective organ pathologies will be pointed out.
Direct evidence has been obtained for class V myosins driving the regulated translocation of melanosomes in different types of melanocytes (Rodionov et al. 1998 , Rogers and Gelfand 1998 , Wei et al. 1997 , X. Wu et al. 1998 ) and the vacuole in Saccharomyces cerevisiae (Hill et al. 1996) . Myosin V binds to F-actin even in the presence of ATP (Nascimento et al. 1996) , a potential sign of processivity, a characteristic essential to serve as an organelle transporter (Howard 1997) . This myosin class appears to have a broad specificity in terms of cargo. In neuronal tissue, where it is most abundant, myosin V participates in multiple transport phenomena, ranging from the movement or localization of smooth endoplasmic reticulum (Takagishi et al. 1996) to a role in transport and exocytosis of synaptic vesicles (Evans et al. 1998, Prekeris and Terrian 1997) . Therefore, it is probably no surprise to find mutations in myosin V linked to neurological diseases, such as the mouse dilute lethal syndrome (Mercer et al. 1991) and the human Griscelli's disease (Huang et al. 1998 ). These observations do not yet account for its entire repertoire of function in neurons, as both localization studies (Hasson et al. 1997 ) and motility assays in axons (Bearer et al. 1996 , Langford et al. 1994 ) have found myosin V to be associated with more unidentified organelles. By virtue of its unusually high number of six LC-binding sites, it is conceivable that myosin V also serves as a store or buffer for calcium and/or calmodulin. Of the five myosins encoded by the yeast genome, two belong to class V, underlining its vital importance in the eukaryotic cell. Myo2p is indeed an essential gene involved in polarized secretion (Govindan et al. 1995 , Johnston et al. 1991 . The severe decrease in growth rate caused by overexpression of Myo2p did not occur when expressing an almost fully functional Myo2p mutant lacking the 6 IQ motifs. The growth impairment due to excess Myo2p was corrected by coexpression of a novel LC, Mlclp (Stevens and Davis 1998) . The role of calmodulin in the function of Myo2p is thus unclear, but it highlights the importance of specialized LCs. The second yeast myosin V, Myo4p, is nonessential but responsible for trafficking of an mRNA required for mating type switching from the mother cell to the bud (Bobola et al. 1996 .
Although the class V myosins predominate the intracellular transport business, a myosin VI in Drosophila meIanogaster transports cytoplasmic particles of unknown identity through the ring canals from the nurse cells into the oocyte (Bohrmann 1997) as well as inside the oocyte cytoplasm (Mermall et al. 1994) . At later stages, D. melanogaster myosin VI appears to be highly expressed in neuronal tissues and localized to particulate structures in the nerve cell processes (Hicks and Miller 1996) . This observation may provide a link to the findings that mutations in mammalian myosin VI are implicated in Shell's waltzer, a mouse deaf-blindness syndrome (Avraham et al. 1995) , and potentially in a human nonsyndromic sensorineural deafness (Sobe et al. 1997) .
A very precise role has now been defined for a myosin VII, myoI, from D. discoideum. Strains devoid of myoI present severe defects in phagocytosis, but appear normal in other related actomyosin-driven processes, such as macropinocytosis and exocytosis (Titus 1997) . Ongoing progress will reveal whether this myosin functions as an organelle (phagosome) transporter or in some remodeling of the cortical cytoskeleton essential for phagocytosis. Considering its role in this simple protozoan, it is surprising, at first, that several severe congenital deafness and deaf-blindness diseases in mammals were shown to be related to mutations in myosin VIIs, such as the mouse shaker l and human Usher 1B syndromes (el-Amraoui et al. 1996; Gibson et al. 1995; Hasson et al. 1995; Levy et al. 1997; Weil et al. 1995 Weil et al. , 1996 Weston et al. 1996) as well as a human nonsyndromic recessive deafness (DFNB2) and a human autosomal dominant nonsyndromic deafness (Liu et al. , 1998a . The retinitis pigmentosa accompanying blindness may be due to a phagocytosis defect in the retinal pigmented epithelial cells.
The most recent discovery in this field links mutations in myosin XV with a human nonsyndromic recessive deafness, DFNB3 (A. Wang et al. 1998) , and the mouse shaker 2 deafness (Probst et al. 1998) .
Middlemen between signal transduction and cytoskeleton remodeling
The concept of myosins being involved in sensorineural functions may appear novel but the association of myosin III with phototransduction in the Drosophila eye has been known for almost a decade.
The products of the D. melanogaster ninaC gene are exclusively expressed in photoreceptor cells (Porter et al. 1992) and are most unusual in containing a functionally active Ser/Thr kinase of the PAK65 family fused to the N terminus of the motor domain (Ng et al. 1996) (Fig. 1) . The kinase domain is required for the normal electrophysiological response to light, but its physiological substrate has not yet been identified (Porter and Montell 1993) . Expression of the kinase domain alone results in retinal degeneration, indicating an essential role for the motor part of the protein in targeting ninaC to the rhabdomer, and in the maintenance of rhabdomer structure (Hicks et al. 1996, Porter and . Both IQ motifs in the neck region of ninaC are required for proper subcellular distribution of calmodulin and for correct termination of the phototransduction process (Porter et al. 1993 (Porter et al. , 1995 . A clock-regulated phosphoprotein from the Lirnulus polyphernus eye was recently identified as the third member of the class III myosins (Battelle et al. 1998 ). This latter study lends further support to the role of myosin III in phototransduction and brings about new aspects regarding their regulation by phosphorylation.
Yet other examples document roles for myosins in neurosensation. Among the many myosin isoforms expressed in hair cells of the inner ear, myosin I[3 is preferentially localized to the distal ends of stereocilia and is currently the best candidate to function in hearing adaptation , the process by which the hair cell restores its sensitivity during a sustained stimulus. The motor model for adaptation proposes that the tension on stretchactivated Ca2+-channels in stereocilia caused by deflection of the hair bundle is reduced by a myosindriven movement of the channels in the plane of the membrane.
Not only the highly specialized sensorineural processes, but also ubiquitous intracellular-signalling pathways involve myosins, as an increasing number Fig. 1 , except PAK, p21-activated kinase; MIHCK, myosin I HC kinase; MLC, myosin II LC; PI-3K, PI 3-kinase; PI, phosphatidylinositol of myosins are identified carrying motifs and domains usually mediating protein-protein interactions between signal transduction factors. Among these, the pleckstrin homology (PH) domains of myosin X (Solc et al. 1994 ) and the chimaerin-like GTPase-activatingprotein (GAP) domain for Rho GTPases of myosin IX are particularly exciting (Mtfller et al. 1997 . Small GTPases of the Rho family play key roles in growth-factor-regulated cytoskeletal reorganization, membrane trafficking, and transcriptional regulation (Fig. 2) . In small GTPases, the conversion between the active, GTP-bound and inactive, GDP-bound conformations is generally controlled by guanine-nucleotide exchange factors (GEFs) and GAPs. The finding of an active, Rho-specific GAP domain in myosin IX raises the question whether and how this activity is functionally coupled to the motor activity. Mammalian cells overexpressing myr5, a rat myosin IX, lose stress fibers and focal contacts and consequently round up (MUller et al. 1997 ). This phenotype correlates well with the effects induced by inactivation of Rho. In agreement with the proposed role for Rho-like GTPases in growth control, myosin IXb in a human macrophage-like cell line is upregulated and relocates from the cell cortex towards a perinuclear region upon differentiation (Wirth et al. 1996) . Both members of class IX currently known are of mammalian origin, which makes it even more remarkable that the first myosin containing a GEF domain was found in the unicellular amoeba D. discoideum. Consistent with its novel domain composition, phylogenetic analysis likely defines myoM as the founding member of a new class (Schwarz et al. 1998 , Soldati et al. 1998 ). MyoM carries a phosphorylatable residue (a Ser) obeying the TEDS rule. The putative GEF domain at the C terminus of the tail consists of a Dbl homology (DH) domain, the catalytic motif shared by GEFs of the Dbl family of protooncogenes, followed by a PH domain. The presence in the same molecule of both a GEF domain, potentially activating a GTPase of the Rho/Rac family, and a phosphorylation site for a PAK/Ste20 kinase, itself regulated by such a GTPase, offers attractive potential for regulatory feedback loops (Fig, 2) . Now, do these two myosin isoforms act in concert in Rho-dependent signalling cascades? The repertoire of myosins in D. discoideum being potentially completed, this organism likely does not possess a myosin of class IX. It remains to be seen whether higher organisms express myoM homologs.
Conclusions and future perspectives
Dissection of myosin function in vivo is now at the forefront of research in a multitude of systems, from A. castellanii to D. melanogaster, and from Caenorhabditis elegans to the most intricate mammalian organs such as retina and cochlea. The information currently available gives us a promising glimpse into the complex role of the actomyosin system in basic as well as highly specialized cellular processes. However, the complexity of the information reviewed above suggests that we need to re-evaluate the simplistic one motor-one cargo concept underlying the prevalent perception of myosin function. The studies favor a more intricate view comprising both redundancy and essentiality of myosin action.
On the way to an integration of myosin functions into the big picture of cytoplasmic organization, some crucial questions need to be answered. What is the minimal set of myosins essential to accomplish the multitude of tasks imparted to a multicellular organism? What is the degree of functional redundancy inside a given myosin class, or even between classes? Do all unconventinal myosins function as actin-dependent molecular motors? Efficient and integrated approaches in model organisms such as the simple D. discoideurn and the more complex C elegans, which allow to combine the analysis of the kinetic and motility characteristics of unconventional myosins in vitro with an investigation of their function in vivo, will soon help us to capture the depth and complexity of myosin regulation and their integration in signal transduction cascades.
